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Abstract

IMPACTS OF POWER SYSTEM-TIED DISTRIBUTED GENERATION ON
THE PERFORMANCE OF PROTECTION SYSTEMS
Terver Maor
Thesis Chair: Hassan El-Kishky, Ph.D., P.E.
The University of Texas at Tyler
July 2017

The dispersed integration of smaller power units in the existing utility grid is the new trend.
This is largely due to changes in the power generation and distribution markets. The combination
of rising cost of new construction, deregulations and improved newer power equipment
technologies suitable for deferred expansions make the new trend very attractive to power
companies and independent investors. Until recently, other contributions to power distribution
systems from such sources as standby units were considered negligible and therefore unaccounted
for during the design and operation of power systems. This view has drastically changed, largely
due to the increasing penetration levels of these newer technologies termed Distributed Generation
Resources.
This thesis work is a continuation of ongoing work in the validation of the benefits and
pitfalls of grid integrated Distributed Generation using modern modeling and simulation
techniques. The proposed simplified but more robust symmetrical components based protection
relay system is shown to be immune to the mis-coordination, mis-operation and blinding caused
by the bidirectional power flow resulting from the high shares of Distributed renewable resource
integration.

viii

Chapter One
1.1 Introduction
Developments in electric power generation from its inception in the 1800s had been rapid
and steady until early nineteen hundred when centralized bulk power generation became mainstay
due to the inherent advantages in economics of scale [1]. One of the first power systems in the
world, located in England in 1881, had the capacity to light only seven Siemens arc lamps and
thirty-four incandescent lamps. One year later, in 1882, the Edison electric light company
constructed and installed an improved power system with the capacity to power 3000 lamps in
New York City [1]. By 1895, the electric power industry had developed and formed a base for the
modern power system with the General Electric’s construction of the three-phase ac power system
to supply Buffalo, New York at 11KV. Population and industrial growth has continued to be some
of the major factors accounting for the never-ending demand for energy in the form of electricity.
Figures 1.1 and 1.2 below show a strong correlation between the world population growth and
world increasing demand for energy. It can be seen in the figures that the global demand for energy
is followed by the world population growth with a significant exponential change in 1945, right
after the second world war when a combination of population growth due to the peace that ensued
the end of the war and the commercialization of technological discoveries during the war.
Due to several factors, the most important of which is the finite nature of fossil fuels and
their environmental impacts, there is a daring need to create an energy mix that is less dependent
or completely independent of fossil fuels to meet the future world energy needs. This need coupled
with other factors such as improved efficiencies and reliability of renewable and smaller energy
conversion resources, have led both power generation companies and independent investors to
integrate these resources into the existing grid for either back-up or load shaving applications. This
new trend, severally termed as embedded generation, dispersed generation, decentralized
generation and distributed generation. This work uses the preferred term; distributed generation
which is prevalent in the North American region, for the relatively new type of generation [3].
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Figure 1.1 World energy demand trend [1]

Figure 1.2 World population growth [2]
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1.2 Power system Topology
The primary objective of power systems is to produce and continuously supply adequate power
to load centers at rated electrical parameters. Continuity, adequacy and power quality are critical
reliability factors that measure the service quality of a power system. Due to the rapid growth of
demand for electric power supply because of population and industrial growths, the efforts to
upgrade existing systems to improve or maintain the system reliability have led to a proliferation
of electric power distribution topologies. Most electric power systems consist of power generated
at several large centralized stations. As shown in Figure 1.3, the generated power at the centralized
stations is transformed to suitable transmission voltages using generator or station transformers.
The high voltage transmission system is more favorable to minimize power losses (real and
reactive), conductor sizes, support structures and associated costs. This power is transmitted at
high voltage levels that range between 33 KV to 500 KV through regional substations, zonal
substations to distribution substations. Power is finally delivered to the loads using load
transformers that step the distribution voltages to the various load centers voltages.
Power distribution systems generally fit two major topologies:
•

The radial distribution system.

•

The loop distribution system.

Figure 1.3 Typical power generation and transmission system stages [4]
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1.2.1 Radial Distribution System
The radial distribution system topology is the less complicated of the two topologies. It is
also the least reliable due to the unidirectional power flow nature of the system. Radial distribution
systems were the first to be implemented with power systems at the inception in the 1800s. These
systems are identified as shown in figure 1.9, by the single power path from the generation or
source transformer to each of the load centers. This system is commonly used in distribution
networks that are sparse with load centers that are separated by long distances. The associated
long-distance power distribution makes it lossier with severe voltage drop problems. The
unidirectional power flow topology simplifies the implementation of reactive power compensation
for voltage regulation. The load flow calculations to determine the expected systems bus
characteristics and the branch short circuit current computations are also simplified by the
unidirectional flow of power. Since power flow is unidirectional, all downstream buses are passive.
This means the admittance matrix formation for load flow computation is simplified.
Despite the simplicity in design and parameter calculations, the radial system suffers a
major disadvantage; a low service reliability. The low reliability is because of the single power
path to the load center. In the event of a power outage due to a feeder line failure, the affected
circuit will remain isolated from the source for as long as it will take to correct or repair the failed
component. A significant improvement to minimize the outage duration time, alternate feeders can
be installed from other sources to form the Loop distribution system topology.

4

Figure 1.4 Radial distribution system topology [5]

The radial distribution system can benefit significantly from the renewable resource integration by
the potential to operate in the islanded mode as well as improved system voltage profile. The
distributed resource integration is still limited in the radial topology by the maximum amount of
power that can be exported upstream. This amount cannot safely exceed the feeder rating which
may have been originally sized for the bus load during the design stage.
1.2.2 Loop Distribution System
Figure 1.10 below is a depiction of a typical loop distribution system topology. The loop
or mesh distribution system is fundamentally comprised of load centers with more than one feeder
lines or sources of power supply. This system is characterized by the possibility to start from a
given load center and trace the system paths back to the load center. The loop topology offers a
significant reliability improvement over the radial system by the provision of alternate power paths
to the load center. The availability of alternate power supply paths improves the system reliability
by the potential to reduce the power outage duration time.
5

Figure 1.5 Loop distribution system topology [5]

For example, Bus 7 in figure 1.10 has the potential to receive power from Buses 2, 11 and 8. This
means that the outage duration time due to a feeder line failure or upstream power failure can be
significantly reduced by obtaining power from an alternate connected feeder line, thereby reducing
the number of isolated circuits and improving the reliability of the system. This system also offers
the flexibility for maintainers to take down feeders or breakers for maintenance without the any
loss of service. Although more robust than the radial system, loop topologies present additional
design and expansion challenges. The bidirectional power flow improves the service availability
but also complicates the power system protection. For example, in the event of failures in feeder
1-2 at Bus 2, this bus load can be transferred to Bus 7. This load addition to Bus 7 may be so
significant that the overload protection relay setting for the mains may become ineffective which
could either result in relay blinding or false tripping. The bidirectional flow of power also
introduces the necessity to use directional over current relay elements to account for the bus
protection depending on the power flow direction. The loop system topology lends itself more
6

readily to system expansions and upgrades including distributed generation resource integration
due to the availability of alternate paths to export excess power.

1.3 Power System Protection
Power systems are designed with the sole aim of meeting the requirement of providing
continued service safely and economically. These systems must be designed and operated with
safety considerations for both the operators and the public. Designers also ensure that measures
are included to prevent or minimize damage to the power equipment because of operating
conditions that result in the flow of power in unintended manners.
Power system protection is achieved primarily using over current protection devices such as fuses,
relays and breakers. These protective devices are installed in line to sense the flow of current and
interrupt or open the circuit to isolate the faulted area. The protective systems serve the multiple
purposes of minimizing or preventing damage to equipment and injuries or death to the operators
and maintainers. The systems also act to maintain service continuity to the healthy portions of the
network by quickly isolating the fault.
Early designs of distribution networks used fuses to achieve fault isolation. Fuses are
designed as the weakest point in the circuit. When the current flow due to prolonged excessive
load or short circuit occurs, the excessive heat generated causes the fuse element to melt thereby
opening the circuit and isolating the faulted area from the rest of network. Fuses however have the
inherent setback of melting at unsafely high currents which sometimes result in explosions. They
also must be replaced after each interruption. This requirement is particularly unattractive to
circuits that supply power to remote areas of the network. Fuses interrupt the flow of current in
only the installed phase. This often poses the problem of single phasing in three phase systems, a
condition that is almost intolerable in some industrial applications.
Later protection systems use a combination of fuses and electromechanical breakers. The
breakers were set to sense and interrupt overload conditions. The fuses were sized to interrupt
higher currents resulting from short circuits. Modern breakers especially those used in medium
and higher voltage applications have separate relays that sense and initiate the tripping. Some
breaker applications such as the reclosers are programmed to open the circuit to prevent the
hazardous current levels resulting from temporally faults such as downed trees or inclement
7

weather-related faults. They attempt to reclose after a preset time to restore service. If the fault
condition is not cleared, the recloser reopens and makes more reclose attempts depending on
presetting. Modern digital relays have customized functions and offer improved network and
equipment protection by sensing such electrical parameters as: current magnitudes, voltage
magnitudes, harmonic content of these wave forms, differential protection etc. The dependence of
these protective devices on the trip settings, a function of the measured parameter magnitude, is
not equally effective for both uni-directional and bi-directional power flow systems.
1.3.1 Power System Protection Schemes
Protection devices are used in power systems to sense and isolate faulted parts from the rest of
the network. Timely fault isolation is necessary to maintain the power system stability and service
continuity. Power networks experience faults and power quality degradations which necessitate
the need to monitor for control and regulation. These parameters and conditions include:
•

Overcurrent

•

Overload

•

Open circuit

•

Over voltage/ under voltage

•

Over frequency

Protection schemes in power systems are employed depending on the system topology,
criticality and type of equipment. Critical components or sections may employ back-up protection
using redundant and independent protection components arrangements. Power protection
engineers use a modern approach; the zone protection concept which compartmentalizes the
network and uses protective devices based on the unique characteristics of the component failure
modes in the zone. The protection zones are defined to cover the network components such as
motors, generators, cables and buses. These zones are created to meet the following requirements:
•

A zone must cover a significant network component

•

Zones must start and end at protective devices which must be included

•

They must include the minimum portion of the network to be de-energized

8

Figure 1.6 shows the power system protection zone concept built using a CAD tool (AutoCAD)
to show the zones overlapping at the boundaries with the protective devices included to ensure that
no network component is left unprotected.
B650 UTILITY BUS
Bus Protection Zone
PD632-M
PD632-1

B632
PD632-3

PD632-2

Cable Protection Zone
PD633-M

PD645-M
PD633-1

B645

PD645-1

PD671-M
PD671-1

PD671-2

B671
PD671-3

B633
XFMR Protection Zone

PD632-1
PD646-M

B634
B646

PD680-M

B680

PD684-M
PD684-2

PD684-1

PD692-M
B684

PD692-1

B692

PD675-M
PD652-M
PD611-M

B675
B652

B611

Figure 1.6 Power system protection concept showing zones and overlaps built using AutoCAD
Other schemes such as selective or critical coordination are used to create back-up protection for
sparse systems. Selective coordination algorithms are employed to ensure that the protection
closest to the faulted area acts first to clear the fault before a backup, usually an upstream device
further from the fault location. Apart from maintaining system security by ensuring that a potential
catastrophe is averted by the failure of a single local protective device, critical coordination also
serves the purpose of restricting the outage to the minimum and service continuity to the most part
of the system. Selective coordination design used to be a tedious task involving the use of several
individually plotted relay time current characteristic curves on translucent paper and stacking them
to trace a single coordinated drawing. This has been significantly simplified using modern CAD
tools.
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Figure 1.7 Typical one line diagram for coordination studies

Figure 1.8 TCC Curves showing selective relay coordination
Figure 1.7 above shows a section of an existing industrial distribution network with 50/51over
current protective device elements with the TCC curves of the coordinated settings shown in figure
10

1.8. The ultimate goal for all protection schemes is to isolate the minimum portion of the network
surrounding the fault and maintain service continuity and stability to the most part of the system.

1.4 Power System Trends
Data from studies carried out by several sources including the US Department of energy
reveal an increase in the diversification of the world energy mix. It can be seen in Figure 1.9 below
that significant amounts of renewable resources technologies are continually being integrated into
the existing energy mix with capacities increasing as the technologies advance and reliabilities
reach established standands. Figures 1.15, 1.16 and 1.17 show the trended data from table 1.1 with
clear depiction of the influence of renewable resource mix into the total power generation between
the years 2012 to 2015.

3.50E+06
3.00E+06

Joules

2.50E+06

Solar (Joules)
Geothermal (Joules)

2.00E+06

Other Biomass (Joules)
1.50E+06

Wind Power (Joules)
Liquid Biofuels (Joules)

1.00E+06

Wood Biomass (Joules)

5.00E+05

Hydro Power (Joules)
0.00E+00
2005

2010

2015

2020

Year

Figure 1.9 US Integrated renewable energy and projections [7].
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Table 1.1 Power demand growth and DG contribution trends [6]
(TWhr)
YEAR

Total Generation

Wind

Other Sources

2015
2014
2013
2012

16349.5
16371.7
16264
16191

764
727
671
563

15586
15645
15592
15627

1.64E+10
1.64E+10

MWhr

1.63E+10
1.63E+10
Total Generation
1.62E+10
1.62E+10
1.61E+10
2012

2013

2014

2015

Year

Figure 1.10 US total power generation profile years 2012-2015 [6]

12

8.00E+08
7.50E+08

MWhr
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Figure 1.11 Total wind power generation profile years 2012-2015 [6]

Here in figure 1.16 as well as in figure 1.14, the trend is seen that wind generation
integration accounts for most of the integrated renewable resources and has continued a steady and
fast growth into year 2016. Figure 1.17 below shows an average power consumption which
corresponds to power generated by conventional fuel sources while the demand increase over the

MWhr

same period has mostly been catered for by the integrated renewable resources.

1.6E+10
1.6E+10
1.6E+10
1.5E+10
1.5E+10
1.5E+10
1.5E+10
1.5E+10

Other

2012

2013

2014

2015

Year

Figure 1.12 Non-DG resource power generation profile years 2012-2015 [6]
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1.4.1 Power Generation Projection
The power systems reserve margin over the years has continued to dwindle with some
states in the US barely generating enough power to meet demands, others having to import power
to meet up demands at least during peak load periods. In 2012, published data by the State Energy
Data Systems, an office of the Energy Information Administration (EIA) of the United States
Department of Energy, showed a total national electric energy generation of about 16.19 ×106
GWh. The 2015 total electricity generation rose to 16.35 ×106 GWh, an increase in generation of
about 158.5 × 103 GWh. Several other energy studies and data analysis reveal similar findings;
that energy will continue to trend population growth.
The finiteness of the world’s fossil fuel supply is also a possible realism. As shown in
figure 1.17, renewable energy integration has the multiple benefits of economically meeting the
immediate power growth needs while postponing expansion projects into the future when it will
be really efficient and economic use of the available resources. With the escalating cost of new
centralized power generation and transmission construction, the dwindling supplies of fossil fuels
and tighter emission regulations, it is safe to predict that integrated renewable generation will
continue in the current growth trend as shown by data in figure 1.18 below and world wind resource
integration trends seen in figure 1.14 above.

1.5 Integrated Distributed Generation
For the past decade or a little more, the grid integration of relatively smaller power
generation units has been on a steady rise and is projected to account for a significant fraction of
the overall available power on the grid in the near future. This trend is evident as shown in figures
1.11 and 1.13. The bar chart information shown in these figures reveal a steadily increasing annual
installation and penetration levels of distributed resources. The installation of wind distributed
resources has experienced the fastest growth among the renewable generation resources as
displayed in figure 1.19 above. In the United States, wind resource installations soared from 2.54
GW to about 4.23 GW, an increase of about 66 % between 2000 and 2001. Although the annual
penetration levels have continued at an average increase of about 10%, the impact is not
sufficiently noticeable. This is essentially because the increasing rates of power demand and
distributed generation integration are identical as shown in figures 1.1 and 1.10.
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Figure 1.13 Graphical presentation of progression of installed wind generators in the US [6]

Distributed generation’s attraction to the power industry is also because of its lower cost
of implementation, reduced transmission and distribution losses or elimination due to the
proximity of its implementation to the load centers in the power distribution system. Its reduced
dependence on fossil fuels makes it more environmentally friendly because of the lower emissions
of noxious gases. Other benefits include lower atmospheric degradation due to reduced oil
explorations and exploitations. The potential for reduced carbon footprint is particularly favored
by environmental conservation activists and some political groups with the effect of increased
lobbing on governmental organizations for increase in financial incentives and funding to
encourage investments and expansion of renewable generation projects.
The concept of distributed generation is primarily aimed at harnessing locally available
fuels and other resources needed to generate and deliver electric power within close proximity.
This new approach eliminates the transportation costs of local fuels to the centralized generating
facilities as well as the power losses associated with power transmission back to the distribution
centers. As new technologies emerge and new resources are discovered, the integration of
distributed generation resources at the distribution level is only expected to grow. The deregulation
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of the energy market and lower permissible emission levels of carbon dioxide by governmental
bodies also serve as an accelerant to the increase in grid integration of distributed generation
resources.
Distributed generation has its advantages as well as challenges to an existing power system.
One of the major concerns in AC power generation is that generated power must be consumed in
real time as it cannot be readily or economically stored. This means that for optimal operation and
profitability, generated power must match load demand at all times. The integration of renewable
resources on the grid has the potential of increased reliability if carefully coordinated with the
existing centralize generation. Considering that the power demand at most centers vary depending
on period or time of the day, the degree of penetration of the distributed resource needs to be
studied and understood before increased installations become a detriment. Power system studies
must then be carried out to establish the existing system reliability benchmark to be used in
optimizing the proposed DG integration by location and level of penetration.
Because of the increased significance in the penetration levels of distributed generation on
the grid and the projected growth trend, it is important to model, analyze and understand its effects
on the reliability of the existing power systems with the aim of generalizing formulations to
facilitate economic grid integration of these resources without deteriorating existing system
reliability and power quality.

1.6 Thesis Objective
This thesis is focused on expanding the study of the effects of grid tied wind, solar and
other distributed generation resources on the reliability and security of existing power systems.
The study looks at general DG application growth trends in the power industry and current study
findings that affect existing system security with substantial integration of renewable generation
resources. Attention is paid to the gradual increase in penetration levels of integration to determine
the equilibrium point beyond which further penetration may cause system instabilities that could
result in power quality and loss of security. The study also looks at the bidirectionality of power
flow introduced by the integration of distributed generation resources. Attention has been paid to
the development of a relay algorithm that can detect and clear faults in power systems with
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bidirectional power flow and the identification of the faults nature and general location. In the
study, the 13-Bus test system; the IEEE recommended standard bus configuration for renewable
generation integration studies, is modeled using the Simpowersystems module in the MATLAB
software, to establish benchmarks to enable the analysis of the different proposed scenarios. The
ideal distributed generation resources are modeled using preloaded blocks in the software library
and integrated incrementally with variations in capacity, type and location.
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Chapter Two

Integrated Distributed Generation and Protection

2.1 Literature Review
Distributed generation (DG) is sometimes referred to as onsite generation, other times as
decentralized generation and yet as dispersed generation by others [8]. The variation in the terms
used to refer to distributed generation goes to show that it is not completely new. DG may be grid
tied or implemented in the islanded mode. Similar to the later mode, distributed generation has
been in use as far back as when the electricity generation industry became commercialized. Until
alternating current power transmission became technically feasible, power generation and
transmission using direct current was prevalent but too lossy and expensive due to the conductor
sizes and support structures needed to transmit power over long distances. As a result, generating
stations had to be located after every several miles, nearer to the load centers. It is currently
common practice for big industrial settings to maintain a power generating arrangement for backup
or for special loads which is equivalent to the islanded mode of operation practiced at the onset of
electric power generation.
The impacts of such isolated and remote generation arrangements have been relatively
negligible because of their sizes and frequency of application. Recent energy market restructuring
and advancements in renewable technologies such as solar power, wind turbines, fuel cells etc.
have created new opportunities by making such resources more technically and economically
viable for individuals with the interest in operating small renewable units for a profit as Private
Power Operators (PPO).
With the advent of power system deregulation and other factors, the integration of these
resources to the grid has completely changed the traditional power system architecture. Figure 2.1
shows a graphical representation of a power system with integrated Distributed Generation. In this
figure, the utility grid is represented by an AC voltage source which is stepped down to the load
center voltage by a 250 KVA distribution transformer. The load center is also fed by three DG
resources; one unit of Diesel Generator, one unit of 60 KW Wind Turbine, one unit of 33 KW
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Micro Turbine and a 15 KW DC power resource converted and coupled via a Y-Delta Transformer.
This integrated resource configuration is capable of operation in parallel with the utility grid or in
Islanding mode, depending on the state of the isolation breaker located on the 250 KVA
Transformer secondary.

Figure 2.1 Typical configuration of integrated distributed generation [9]

Generally stated, distributed generation is the integration of any power generation resource
anywhere on the network but at the centrally located bulk generation station. There is still no clear
consensus on the term’s usage. Some scholars define distributed generation based on size; others
base their classification on whether it is or not a renewable resource such as wind, solar,
cogeneration etc. There are yet other scholars that prefer the basis of their designation on location
on the transmission or distribution side of the power system for a resource to be considered a
distributed resource. G. Papermans et al in [10] prefer to define distributed generation in terms of
connection and location on the network. The preferred definition is taken from the IEEE
publication [11] which states that distributed generation is the generation of electricity by facilities
which are much smaller than central generating plants to allow integration at nearly any point in
19

the power system. Although not in complete accord, most of the scholars seem to agree with the
relatively smaller size compared to the central generating units as well as the location anywhere
away from the central location to be considered a distributed generation resource. Figure 2.1 above
shows a typical configuration of a low voltage utility level grid integrated distributed generation.
In the graphic representation, the distributed resources are integrated directly at the secondary bus
of the 250 KVA distribution transformer via service disconnects and protective devices. In
practice, renewable resources are almost always integrated using an isolation transformer. This
serves for the voltage level transformation from the renewable resource generated voltage to the
utility bus voltage level. It also serves as an electric isolation between the utility and the distributed
generation resource because of the inherent physical separation between the primary and
secondary sections of the transformer.
The Energy Information Administration (EIA) estimated in 2007 that 12.5% of total power
generated in the United States by the year 2013 would be accounted for by integrated distributed
generation resources. The current statistics available from the administration shows a percentage
contribution of 15% which is 2.5% higher than projected. The enhancement and expansion of the
existing power system using these resources continues to attract more attention as annual installed
capacities continue to exceed projections. Different applications, technologies and cost analysis as
well as benefits that include system reliability improvements and environmental impacts are
discussed in [12]. The potential application of distributed generation resources as ancillary services
is presented in [13].

2.2 Benefits of Integrated Distributed Generation
In chapter one; section 1.3, the case for the necessity of a DG integrated power system
protection revision analysis was stated. Additionally, it was argued that for an optimal realization
of the benefits of distributed resource integration, it is pertinent to evaluate renewable resource
integrated power systems to determine locations as well as levels of penetration beyond which
further integration could become detrimental.
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2.2.1 System Reliability Improvement
The strategic location of distributed generation resources on a power system network is
beneficial to the customer as well as the distribution system operators during periods of outages
which may result from a faulty circuit, operator error or circuit protective device malfunction.
During such periods, the presence of a distributed resource could enable islanded mode of
operation, as shown in figure 2.2, which will improve the overall power system reliability by
lowering both the system average interruption duration index (SAIDI) and the customer average
interruption duration index (CAIDI).

Figure 2.2 An example of increasing reliability by DG resource strategic placement. [14]

Power systems with integrated distributed generation resources have improved reliability
due to the potential of continued power supply in the islanded mode as depicted in Figure 2.2. In
the depiction, a fault located at position 2 on the circuit will result in the protective device at
location X to open to protect and isolate other circuits and minimize outage to only the faulted
area. The customers located in the boxed area on the depiction would be left without power for the
duration of the repair time in absence of DG resource. With the integration of a distributed
generator as shown, these customers could still have power during and after the fault mitigation.
2.2.2 Standby Reserve for Peak Load Management
During peak power demand periods, power systems may be unable to maintain the desired
voltage level especially for customers located at the end of circuits. This is because the heavier
current flow during this periods result in greater IR losses with the effect that even with adequate
capacity installation, there may be a voltage deviation from nominal values for some customers.
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The strategic location of a distributed generation at the end of a circuit as shown in figure 2.2 will
boost the system reliability by the improved voltage profile of the circuit at the times of greatest
need.
2.2.3 Power System Capacity Expansion
The expansion of existing power systems using renewable resources is attractive for many
reasons. Firstly, distributed resources provide an immediate savings by the transmission and
distribution losses mitigation. The I2R losses are less because of the proximity of their locations to
the load centers. Since these units are relatively smaller, the integration of several units at a location
eases the problem of spinning reserves where larger units are left running and ready to pick up
load at a moment’s call.
These smaller units have the advantage of going from start to full load within only a few
minutes as opposed to the several hours of required warming of centralized generators of capacities
250 MW and greater. Another benefit of increasing power systems capacities using distributed
resources is that the construction to commission time is much shorter. Because of their relative
sizes, in cases of multi units’ installation, several units may be put into production thereby
generating return on investments long before the entire project is fully completed.
Power system capacity expansion using distributed generation resource has yet another
benefit of flexibility of location near local fuel sources or water for cooling needs. The acquisition
of land for distributed generation projects is also relatively less complicated because they are
compact and do not need as much land for associated infrastructure such as humongous cooling
towers, dust bag houses, smoke stacks etc.
2.2.4 Voltage Profile Impact
The benefit of voltage impact improvement was mentioned in section 2.1.2 where IR losses
during peak periods cause significant deviations from nominal voltage values. The placement of
distributed generation resources near the end of such circuits will improve the voltage profile
thereby increasing the system reliability.
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2.2.5 Power Loss Impact
The strategic placement of Renewable Resources on a distribution system is of multiple
benefits. Typically, power distribution systems experience voltage sags during heavy loads or
power transmission over long distances. It is known by the formulation, S = I*V that as the system
voltage falls from the nominal value for the same amount of apparent power, an increased amount
of current must flow. The transmission losses in the form of heat are proportional to the square of
the current in the circuit. The voltage profile improvement due to strategic location of a renewable
resource, therefore, serves as a mitigation strategy for such losses.
2.2.6 Environmental Impact
One of the greatest benefits of capacity expansion using renewable resources is the
environmental friendliness. Renewable resources such as hydro electric generators, wind turbines,
solar power generators, hydrogen fuel cell etc. are capable of power generation with little or no
carbon footprint. They are also known to generate little or no noise compared to their centralized
generation counterparts. Their lower noise generation makes them ideal for locations even closer
to residential and industrial load centers without the added problem of noise and atmospheric
pollution control.
Their compactness also makes landfills potential locations. Landfills offer cheap gases that
can be used to operate DG resources with the appropriate technology. With the new and tougher
legislations against greenhouse gas emissions from industrial and centralized power generation
station [15], renewable resources are the first option among other potentials for today’s grid
expansions.

2.3 Disadvantages of Distributed Generation
Although distributed generation integration has many benefits for existing power systems
optimization and expansions, it is not without any new challenges. For one, the power flow in a
centralized power generation and distribution system is unidirectional. With the integration of a
system of distributed generation resources, the power flow becomes bidirectional. The major
drawback with this arrangement is that protective devices are rendered less sensitive or completely
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unable to sense and isolate faulty circuits, a condition typically referred to as relay blinding, under
existing trip settings.
In most cases, protective devices need multiple settings corresponding to the mode of system
operation; the integrated resource in parallel or islanded mode. The revision of trip settings or
complete replacement is necessary, in certain cases, to account for the bidirectional power flow in
the power circuit. Integrated distributed resources increase system capacity but with this also is
the problem of changes in the system short circuit current levels as well as the short circuit ratio.
A significant increase in system short circuit level potentially exposes protective devices and
conductors to higher current levels during a short circuit event than their original design
specifications.
Depending on the interface technology, integrated distributed generation may also introduce
power quality issues such as harmonic voltages and currents distortions into the grid, an inherent
characteristic of electronic switching devices used in power conditioning. Relay miscoordination
and misoperation are also common problems in networks with significant levels of distributed
generation penetration.
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Chapter Three

Power System Model for DG Integration and Protection Study

3.1 Simpowersystems
The software used in this study is the Simscape Power Systems module in SimulinkMATLAB. It is widely used academic software for research with excellent tools for power system
modeling, simulation and analysis of transmission, distribution and industrial power networks.
Simulink’s components libraries are however more challenging to model power systems than
custom built industrial software such as SKM by SKM Systems Analysis, Inc, ETAP by Operation
Technology, Inc and EasyPower by EasyPower LLC etc. These customized softwares have
component libraries that are commercially available which make modeling and simulation results
analysis more intuitive. The most difficult challenge in using the Simpowersystem software for
power systems modeling is the lack of convergence issues which frequently arise because of mixed
library components which differ between models for discrete, continuous time or phasor analysis.
Once the skills for the library components and the differences in simulation environments are
mastered, it is possible to analyze and differentiate simulation results based on components or the
desired system under investigation. Although more challenging to use, Simulink is more
prevalently used for research and therefore more accessible with a broader base for assistance with
difficult models.

Key Features of Simpowersystem for Power Systems modeling include:
•

Build models for specific applications such as common AC and DC electric drives,
renewable energy systems, flexible AC transmission systems (FACTS).

•

Phasor, continuous and discretized simulation methods for desired accuracy of simulations
results and analysis.

•

State-space representation of components or system load flow results.
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•

Basic models for creating customized system components such as relay and breaker
assemblies.

3.1.1 Simulations Analysis Capabilities
Figure 3.1 below displays the three simulation methods available in simpowersystem. The
continuous method is very slow but provides the most accurate results of the simulation by varying
the step sizes to capture detailed dynamics of the simulation. In the discrete method, it is possible
to define the time steps based on the desired precision of information obtained from the
simulations. The third method is the Phasor analysis method. The phasor simulation reduces the
time domain equations of the system to only magnitudes and angles which greatly reduces the
simulation time.

Figure 3.1 Simpowersystems simulation modes [16]

3.2 Test System
The benchmark test circuit for this study is based on the IEEE 13 Node Test Feeder System
[17]. This test system was specifically developed and published for educational and research
purposes by the IEEE PES (Power and Energy Society) distribution system analysis
subcommittees’ distribution test feeder working group. The 13-Node test system’s published data
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were used in this study to model, simulate, tabulate data to establish a base case using the
Simpowersystems modeling and analysis software.
The 13-Bus test system’s simulation results were compared with the published data to
determine the software accuracy and its capability to model and simulate power system devices
such as transformers, conductors, reactors, capacitors, generators etc. The average error margin
was less than 1% in all the cases as shown in tables 3.1, 3.2 and 3.3. This result increased the
confidence level of the software’s applicability to the investigations of the study objectives. The
IEEE test system for medium voltage circuits was chosen because, although implementable at the
transmission level, distributed generation integration is favored at the power distribution level
because of the multiple gains accrued from proximity of location to load centers as earlier
enumerated.

Table 3.1 Benchmark Bus voltage magnitude validation with PES published data (Vpu)

PHASE A
BUS
ID
632
633
634
645
646
671
680
684
611
652
692
675

IEEE

Simulink % DIFF

1.021
1.018
0.994

1.021
1.019
0.993

0.0
0.1
0.1

0.99
0.99
0.988

0.99
0.99
0.99

0.0
0.0
0.2

0.982
0.99
0.983

0.987
0.995
0.99

0.5
0.5
0.7

PHASE B

PHASE C

IEEE Simulink % DIFF

IEEE Simulink % DIFF

1.042
1.04
1.022
1.033
1.031
1.053
1.053

1.042
1.04
1.0113
1.034
1.03
1.027
1.027

0.0
0.0
1.0
0.1
0.1
2.5
2.5

1.017
1.015
0.996
1.015
1.013
0.978
0.978
0.976
0.974

1.017
1.015
0.991
1.016
1.015
0.99
0.99
0.99
0.99

0.0
0.0
0.5
0.1
0.2
1.2
1.2
1.4
1.6

1.053
1.055

1.026
1.026

2.6
2.7

0.978
0.976

0.99
0.99

1.2
1.4
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Table 3.2 Benchmark bus voltage angle validation with PES published results (Phase angles in
degrees)

IEEE
-2.49
-2.56
-3.23

PHASE A

PHASE B

PHASE C

%
Simulink DIFF
-2.5
0.4
-2.5
2.3
-3.2
0.9

%
Simulink DIFF
-121.7
0.0
-121.7
0.1
-122.2
0.0
-121.9
0.0
-121.9
0.1
-122.7
-0.3
-122.7
-0.3

%
Simulink DIFF
117.8
0.0
117.8
0.0
117.3
0.0
117.8
0.1
117.8
0.1
116
0.0
116
0.0
116
0.1
1.005
99.1

-5.3
-5.3
-5.32

-5.3
-5.3
-5.3

0.0
0.0
0.4

-5.25
-5.31
-5.56

-5.4
-5.3
-5.5

2.9
0.2
1.1

IEEE
-121.7
-121.8
-122.2
-121.9
-122
-122.3
-122.3

-122.3
-122.5

-122.7
-122.8

-0.3
-0.2

IEEE
117.83
117.82
117.35
117.86
117.9
116.02
116.02
115.92
115.78
116.02
116.03

116
115.9

8
7
6
5

X 100 Amps

BUS
ID
632
633
634
645
646
671
680
684
611
652
692
675

4
3
2
1
0

IEEE(ØA)

SimP(ØA)

IEEE(ØB)

SimP(ØB)

IEEE (ØC)

SimP (ØC)

Figure 3.2 Benchmark bus current validation with PES published results
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0.0
0.1

3.2.1 Test System Circuit Description
Figure 3.1 below shows a one line diagram of the IEEE 13 bus unbalanced test system
implemented in the Simpowersystems software. On the one line, Bus 650 of the test system was
replaced by the Simpowersystem utility grid equivalence of 7 MVASC. The test circuit model is an
unbalanced system consisting of a good mix of spot loads made of both three phase and single
phase loads. The total apparent power of the system is about 3.8 MVA with an average power
factor of 91.9% at the point of common coupling (PCC). The 13-Node test system equivalent
model data is shown below.

Figure 3.2 IEEE 13 bus test system modeled in simulink power module [17]

29

3.3 Test System Data
The test system chosen is the IEEE 13 node radial power flow test system as earlier
described in section 3.2. The original system’s simulation results are published material obtained
from the IEEE PES web site found in [17] and used in the study to validate the simpowersystem
simulation results. The modeled system using this data is shown in figure 3.2 above and the
comparison is presented in tables 3.1, 3.2 and figure 3.2 above.
Table 3.3 Overhead line configuration data
Configuration

Phasing

Phase
Conductor

Neutral

Spacing

ACSR

ACSR

ID

601

BACN

500

Apr-00

500

602

CABN

Apr-00

Apr-00

500

603

CBN

Jan-00

Jan-00

505

604

ACN

Jan-00

Jan-00

505

605

CN

Jan-00

Jan-00

510

NODE A
632
632
633
645
650
684
632
671
671
671
684
692

NODE B
645
633
634
646
632
652

LENGTH (ft)
500
500
0
300
2000
800

CONFIGURATION
603
602
XFMR
603
601
607

671
684
680
692
611
675

2000
300
1000
0
300
500

601
604
601
Switch
605
606
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Table 3.4 Capacitor data
NODE

PHASE A

PHASE B

PHASE C

KVAR

KVAR

KVAR

200

200

200

675
611

100

Total

200

200

300

Table 3.5 Transformer data

Substation
Transformer

KVA
5000
500

KV-High
115
4.16

KV-Low
4.16
0.48

%R

%X

1
1.1

8
2

Distributed load data
Node
634
645
646
652
671
675
692
611

Load
Model
Y-PQ
Y-PQ
D-Z
Y-Z
D-PQ
Y-PQ
D-I
Y-I

Phase 1
KW
KVAR
160
110
0
0
0
0
128
86
385
220
485
190
0
0
0
0

Phase 2
KW
KVAR
120
90
170
125
230
132
0
0
385
220
68
60
0
0
0
0

Phase 3
KW
KVAR
120
90
0
0
0
0
0
0
385
220
290
212
170
151
170
80

Table 3.6 Spot load data
Node

632
671

Load

Phase 1

Model

KW

Y-PQ
Y-PQ

17
17

Phase 2
KVA
R
10
10

KW
68
68
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Phase 3
KVA
R
38
38

KW
117
117

KVA
R
68
68

3.4 Test system component models
The IEEE 13 bus test system shown in figure 3.1 was built using a combination of simulink
primitive and Simpowersystems component libraries. The system components comprised of:
a. Three phase voltage source network equivalence.
b. Ideal voltage/current measurement blocks for network bus equivalence.
c. Three phase PI sections for transmission line equivalent models.
d. Three phase circuit breakers.
e. Three phase and single phase static load models
f. Three phase two winding transformer.
g. Phase programmable fault block.
h. Logic components for relay control model.

3.5 Protection System Study Model
Common protection schemes used in traditional power distribution systems were
introduced in chapter 1. The typical system zoning for protective device back-up to ensure service
continuity by ensuring that faulted sections are isolated from the system was discussed. This
section discusses the common faults in power systems and the strategies used for the fault monitor,
identification and isolation.

3.5.1 Types of Faults
A power system fault is said to occur when the transmitted power path flows through
undesired paths such as ground or between phases. The undesired power paths form the least
resistance paths causing enormous instantaneous flow of current, usually beyond the designed
capacities of the power equipment. Such common paths include:
a. Single line to ground fault.
b. Line to line fault.
c. Line to line to ground fault.
d. Three phase fault.
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Line voltages and currents in a distribution network are either symmetrical or asymmetrical,
depending on the system design and loading conditions. Symmetrical currents and voltages occur
when all line voltages and currents maintain their relative phase shifts at equal magnitudes [18].
Asymmetry in a distribution system results from load imbalances or faults in the system. The
analysis of power systems using methods such as Newton-Raphson solution method, Gauss-Seidel
method, Fast decoupled load flow method and the Holomorphic embedding load flow methods all
use the assumption that the system is balanced [18]. These methods only lead to usable
approximations of power system parameters. This is because real power systems hardly operate in
perfectly balanced states. In 1918 the method of symmetrical coordinates was introduced by Dr.
C. L. Fortescue [19]. In this new approach, a system of three phase unbalanced phasors could be
transformed into three sets of balanced phasors called symmetrical components. The line phasors
(voltages or currents) are denoted by Ia, Ib and Ic, with the sequence components denoted by I0, I1
and I2. The sequence current components represent zero, positive and negative sequences
respectively. The line and transformed symmetrical components are related by the following
formulation [19]:
𝐼𝑎 = 𝐼0 + 𝐼1 + 𝐼2
𝐼𝑏 = 𝐼0 + 𝑎2 𝐼1 + a𝐼2

(1)

𝐼𝑐 = 𝐼0 + a𝐼1 + 𝑎2 𝐼2

The manipulation of the above equations results in the derivations for the sequence currents:
𝐼0 = 1/3(𝐼𝑎 + 𝐼𝑏 + 𝐼𝑐 )
𝐼1 = 1/3(𝐼𝑎 + a𝐼𝑏 + 𝑎2 𝐼𝑐 )
𝐼2 = 1/3(𝐼𝑎 + 𝑎2 𝐼𝑏 + a𝐼𝑐 )

(2)

Where a = ej120 = 1 arg 1200
The resolution of unbalanced systems which include fault conditions in power systems made
load flow studies more realistic. In this study, the transformed symmetrical components were
analyzed under normal and fault conditions to establish correlations between the components
characteristics and the fault. The results lead to the formulation of an algorithm and logic to
identify a fault, the nature of the fault (Phase to ground, phase to phase, 3-phase bolted fault) and
33

to isolate the faulted section of the network. This method is seen to account for the bidirectional
flow of power in DG integrated networks.
3.5.2 Single Phase to Ground Fault
Short circuit studies are necessary in power system studies and system protection designs
to obtain the maximum possible fault currents that the power circuit is capable of sustaining in the
event of a short circuit. This information is critical to ensure that the current interrupting
capabilities of installed protective devices are not compromised [20]. The voltage sag during the
short circuit studies is also informative as control relays and other instruments become deenergized as thresh hold or minimum hold-in voltages are approached. This section is concerned
with the simulation and observations of the fault responses of the modeled IEEE 13 bus test system.
The three unbalanced cases; L-G, L-L-G, L-L and the identical balanced cases of L-L-L and L-LL-G were simulated and evaluated.
Single line to ground faults, the most common of the short circuit faults in distribution
systems; 65-70% [20], occurs when the undesired current flow path follows from any phase to
neutral (ground) through the fault impedance. A single line to ground bolted fault, using 1 milliohm
fault impedance, is depicted in figure 3.3 and the simulation results in figure 3.4 below

Figure 3.3 Line to ground fault (L-G) [20]
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Figure 3.4 Single Line to Ground Fault Currents and Voltages at 1 micro ohm fault impedance

The simulation results of voltage and current waveform response of a line to ground fault is
shown in figure 3.4 above. After the simulation reached steady state, a line to ground fault was
introduced at 0.2 seconds with a fault impedance of 1 micro ohm. The asymmetric fault current
response with the characteristic dc offset is observed to reach peak values of about 12.5 APU in
the first cycle.
The high and rapid increase of the fault current is expected because of the low fault
current impedance to ground and the imbalance. The bus voltage of the faulted line, line 1, is
observer to sag from the nominal 1.4 VPU to about 0.2 VPU This simulation was run with all
protective devices disabled and without DG integration to observe the system response in steady
state fault condition.
3.5.3

Line to Line to Ground Fault
An unintended low impedance current path between any two of the three phases and the

ground or neutral is known as line to line to ground fault. These faults are not as prevalent in power
systems as the line to ground faults and account for between 20% and 35% the distribution failure
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modes [20]. Figure 3.4 below shows a depiction of the line to line to ground fault which was
modeled and with a 100 milliohm fault resistance. The simulation results displayed in figure 3.5
show the voltage and current response to the line to line to ground fault. The fault response shows
the asymmetric and rapid rise of the fault currents in both phases one and two to about 12 IPU in
the first half cycle. The line voltages correspondingly decay rapidly from about 1.4 VPU to about
0.15 VPU peak value.

Figure 3.5 Line to Line to ground fault (L-L-G) [20]

Figure 3.6 Line to line to ground Fault currents and voltages
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3.5.4 Line to Line Fault
The unbalanced line to line fault type account for 15-20% of the common short circuit
faults in distribution systems [20]. It is identified by the unintended current path between any two
power lines without contact to the ground or neutral conductor. The schematic model of a line to
line fault through 100 milliohm fault impedance is shown in figure 3.5 with the simulation result
shown in figure 3.6 below.

Figure 3.7 Line to line fault (L-L) [20]

Figure 3.8 Line to line fault currents and voltages
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The simulation results above show the characteristic line to line asymmetric fault currents
response of line 1 and line 2 in the first half cycle after the fault. The peak fault current values
increase to 10 APU but are lower than the line to line to ground fault case in figure 3.5. The
faulted bus voltages, V1 and V2, both sag from 1.4 VPU to about 0.65 VPU. The fault voltage
and current characteristic wave forms and magnitudes differ from the line to line to ground case
due to the absence of ground path impedance in the line to line fault simulation.
3.5.5 Three Phase Fault
The identical cases of balanced three phase fault to ground (L-L-L-G) and balanced three
phase bolted fault (L-L-L) are illustrated in Figures 3.7 and 3.8 below. The illustrations show the
schematics of the phase to ground fault through the 1 milliohm fault impedance and the simulation
results respectively. The responses are consistent with numerical analysis which shows that the
geometrical summation of three balanced phasors with 120 degrees displacement from each other
equals zero. This means that the installation of ground impedance in the L-L-L-G case creates a
path but there is no current flow, consequently, no voltage drop across the impedance resulting in
identical responses.

Figure 3.9 Three phase to ground balanced fault [20]
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Figure 3.10 Three phase to ground balanced fault currents and voltages (L-L-L-G)

Figure 3.11 Three phase balanced fault [20]
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Figure 3.12 Three phase to ground fault currents and voltages (L-L-L)

40

Chapter Four
Integrated DG and Protection Study Cases with Simulation Results

4.1 Scenario Description
The simulation results of the base case were shown in Chapter Three during the data
gathering, modeling and validation phase. The system branch circuits that experienced significant
power losses were identified by the excessive voltage drop, a known disadvantage of the radial
distribution network as shown in figure 4.1. The base case simulation results were used to identify
these weak buses and determine an optimal approach for the Distributed Generation unit’s
integration. Up to 50% penetration level of the branch circuit rating determined by; % penetration
= (DG capacity / Branch circuit rating) *100, was integrated in increments of 10% at each
identified weak bus were simulated to evaluate the response of the bus voltage, current and branch
protection system to the fault currents both at the DG installed bus and at remote buses including
the utility bus.
Four scenarios, each at a different bus, made up of five study cases were simulated. In each
scenario, the voltage, fault current and protection response data were documented and trended.
The benchmark simulation results and validation with the established IEEE 13-Bus Test System

V (PU)

are shown in table 4.1 with values plotted in figure 4.1 below.

1.03
1.02
1.01
1
0.99
0.98
0.97
0.96
0.95

IEEE BUS V (PU)

B650 B632 B633 B634 B645 B646 B671 B692 B684 B675 B611 B680 B652
BUS NUMBER

Figure 4.1 Bus voltage profile with respect to distance from PCC
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Figure 4.2 The 13 Bus test system with DG integration at the weak buses

4.2 Scenarios
The four simulated scenarios which were explained in section 4.1 are as follows:

1. Scenario 1: line-to-ground (LG) Faults.
2. Scenario 2: line-to-line (LL) Faults.
3. Scenario 3: line-to-line-to-line (LLL) Faults.
4. Scenario 4: line-to-line-to-ground (LLG) Faults
In each scenario, DG resources were integrated with penetration level increments of 10% up
to 50% of the bus circuit capacity. The L-G, L-L, L-L-G and 3-Phase bolted faults at the
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following locations were simulated with the following impacts captured for analysis:
•

Faulted bus voltage and current response

•

Utility bus voltage and current response.

•

Distributed Generation Bus voltage response.

•

Protection system response

4.2.1 Voltage Impact
As earlier observed and shown in figure 4.2, the voltage profile of a typical radial
distribution system is inherently of inverse proportion to distance from the main branch circuit
source. The simulation results revealed that all the identified weak buses were located farthest
from the main distribution substation. The loss analysis showed that the line losses as well as the
size of the bus loads account for the excessive voltage drops experienced at these remote buses.
The simulation to evaluate the voltage response was executed with constant bus loads as shown in
table 4.2.
Table 4.1 IEEE 13 bus test system real and reactive loads

BUS ID

Distance
(FEET)

Active Power
(kW)

Reactive Power
(kVar)

B632
B633
B634
B645
B646
B671
B684
B611
B652
B692
B675
B680

2000
2500
2500
2500
2800
4000
4300
4600
5100
4000
4500
5000

3519.00
406.50
400.00
411.20
240.60
2530.00
289.60
165.60
122.80
787.10
843.00
0.00

1540.00
301.00
290.00
265.50
138.10
783.20
66.19
-16.95
82.22
-147.20
-143.20
0.00
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Table 4.1 above shows the voltage response at each bus with respect to the renewable resource
penetration integrated at buses B611, B634 and B636 as illustrated in figure 4.2 above, in
increments of 10% of the total distribution capacity. The renewable resource loading at each the
stated buses was achieved by dividing the desired present penetration level into three, in the ratio
of the branch capacities. It can be seen in the plots shown in figure 4.3 that as the distributed
generation resource contribution is increased; the voltage is seen to quickly approach the nominal
value.

Figure 4.3 Bus voltage responses to DG penetration

The analysis of the bus voltage profile vs. DG penetration shows that certain buses’ voltages under
constant loads will not remain within +/- 10% of their nominal values. Figure 4.3 shows the fast
voltage response at buses B671, B684 after a 10% DG contribution placed at Bus B611. The
voltage at B684 increased from 0.9761 pu to 1.007 pu or 3.2 % voltage rise, after the 10% injection
at bus B611. The analysis of the voltage response plots shows that the DG and buses closest to the
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DG bus responded fastest in voltage recovery than buses located farther from the DG bus. The DG
bus experienced a 5.4% voltage increase similar to B671 which is located only 600 feet on the
upstream of B611.

4.2.2 Distributed Resource Location Impact
The analysis of the simulation results shown in the voltage response section also reveal that
the placement of distributed resources at the end of the branch circuit, where the weak buses are
located, yields the best results. At 10% penetration, with DG installed at B611 which is located at
4600 feet from the main substation, the voltage increased from 0.974 PU to 1.014 PU representing
a 4% voltage gain. The remote installation of a distributed resource of equal capacity at bus B634
which is located at about 5000 feet away and closer to the substation showed no improvements in
the voltage recovery at bus B611. Similar observations were made at bus B634 during the
simulation of distributed resource placement at bus B611.
Although most beneficial, the placement of distributed resource at the remote weak buses
has an inherent limitation. The power equipment, such as transformers and power cables are
typically sized for load requirements during the design phase without any considerations for the
future bidirectional flow of power. This factor limits the capacity of DG integration that can be
installed at the local load center to back feed power to the grid without any significant
reconstruction work. An approach to harness even greater benefits is to locate larger load centers
in so that larger DG units can be installed to supply the local node during peak periods and export
power during low power demand times.

4.2.3 Power Loss Impact
The power analysis of simulated by recording the initial total loads connected to the
distribution network. The model was simulated with 0% DG contribution and the total real and
reactive power drawn from the network was recorded. The difference between the recorded
generation at the utility bus and the sum of all power demands at each load was calculated to
represent the losses. This computation was repeated after each simulation following a 10%
increase in DG contribution. The percentage of power loss after each increment was computed and
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tabulated as shown in table 4.3 and plotted in figure 4.3 below. Analysis of the results revealed
that the loss benefits due to transmission loss mitigation of distributed generation integration
quickly approach the optimal point depending on the location and size of the distribution system
section served by the integrated distributed resource.
For a small distribution system such as is represented in this model, Figure 4.3 shows that
the transmission losses decrease rapidly as the distributed resource contribution approaches 20%
penetration level. As the penetration increased beyond 30%, Grid injection from the DG caused a
power flow reversal resulting in the observed diminished loss gains. As the DG contribution
increased, the power difference between generation and demand approached zero causing excess
energy to be exported back to the grid through the same power cables that previously supplied
power to the DG buses with the resulting cable loss resumption.

Table 4.2 Bus power loss responses to DG penetration

SOURCE

Active
Power
(KW)

Reactive
Power
(KVar)

0%
DG-10%
DG-20%
DG-30%
DG-40%
DG-50%

3713.00
3709
3707.7
3708
3709
3711

1661.00
1752.00
1846.00
1937.00
2029.00
2120.00

Load (KW)

Load
(KVar)

Power
Loss
(KW)

%
Power
Loss

3670
3670
3670
3670
3670
3670

1518
1518
1518
1518
1518
1518

43.00
39.00
37.70
38.00
39.00
41.00

1.16
1.05
1.02
1.02
1.05
1.10
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1.20

POWER LOSS (%)

1.10
1.00
0.90
0.80
0.70
0.60
0.50
0%

DG-10%

DG-20%

DG-30%

DG-40%

DG-50%

DG CONTRIBUTION (%)

Figure 4.4 Bus power loss responses to DG penetration

4.2.4 Short Circuit Current Impact
Power system Engineers analyze periodically to determine optimal operating conditions of
the system as well as for future expansions. The bus admittance matrix, which is a derivation from
the system impedances, is a crucial component of the power flow equations used to solve for the
node voltages, voltage angles, active and reactive powers. Although very beneficial as earlier
stated, the placement of DG resources in existing power systems alter the system impedance
thereby necessitating the generation of new admittance matrix to compute the predicted steady
state network parameters. The integration of these resources is the equivalent of added parallel
impedance with the result of significantly lower effective system impedance. The lower system
impedance results in much higher fault currents during short circuit events. This is particularly
dangerous because the higher fault currents may exceed the original power system equipment
ratings.
The simulation results of two scenarios are shown in Figure 4.5 below; firstly, line currents
in a three-phase system without DG when a "bolted 3-phase short circuit" is applied at t = 0.09s
and removed at t = 0.21s, and line currents in a system with 50% DG penetration when a bolted 3phase short is applied at t = 0.29s.
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The fault current is seen to increase from 6.33PU to 7.63PU or 20% change. Such an increase
could potentially be in the damage curves of cables, transformers and exceed interrupting current
ratings of protection devices.

Figure 4.5 Current and voltage responses to 3-phase fault DG at 50% penetration

4.2.5 Protective Device Impact
Previous research works has revealed several negative detrimental effects introduced by
the integration of DGs into existing power distribution systems. Simulation results in this study
have also shown that the integration of DG resources drastically increase the fault current at high
penetration levels. The fault current at the faulted bus is observed to vary directly with the
penetration levels while decreasing the utility contribution.
The initial relay settings are often based on utility contributions so in cases, such as shown
in figure 4.5, where the fault currents change depending on whether the DGs are integrated, its
penetration level or only the utility contributions are at play, protective relay operation with fixed
trip settings may either become mis-coordinated or completely inoperative. Protective devices in
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power distribution systems serve the critical part of isolating the minimum section associated with
a fault incidence. A mis-coordinated relay is bound to cause an outage to a larger section of the
system than it is necessary. Integrated DGs cause relay blinding which is the complete failure of a
relay to operate during a fault due to changes in the relay sensing path which may be caused by
the integration of the DG resource.

The IEEE 13 Bus test system which was modeled to examine the relay miscoordination
and relay blinding effect due to DG integration is shown in figure 4.6 below. The simulated fault
was place at B680 with Circuit breaker 680 as the primary protective device (PD). The backup PD
(CB671) is located upstream at B671. The DG resource is placed at B675. Relay CB680 is
coordinated with the backup relay CB671. Figure 4.7 shows the current response of the circuit
with only the utility contribution. With the fault simulated at B680, relay CB680 senses the same
fault current magnitude

Figure 4.6 Faulted bus, primary and backup PD locations for relay miscoordination simulation.
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Figure 4.7 Current responses to 3 phase fault at bus B680 DG at 0% penetration

as the backup relay CB680. The backup relay is programmed with a time delay to allow the
primary relay, CB680 to clear the fault. If the primary relay fails after the pre-set time delay in
relay CB671, it will open the breaker at B671 to isolate Bus B680 and maintain service in the rest
of the distribution system.

The simulation results of fault currents after DG integration are shown in figure 4.8 below and
reveal the following findings;
•
•

The fault current sensed by the primary relay CB680 increased by more than 100%.
The fault current sensed by the backup relay CB671 decreased from 12 APU to about 7
APU.
• The current sensed by the DG bus B675 increased to more than 30 pu amps due to the
DG contribution.
The analysis of the findings stated above show that the backup relay, CB671 is no longer
coordinated with the primary relay CB680. This is because due to the DG integration, the remote
relay CB675 senses a higher current, 30 pu than the backup relay. In the event of a failed primary
relay CB680, relay CB675 will trip before relay CB671 resulting in a relay misoperation. This is
because relay CB675 is not coordinated with relay CB680 and is not programmed to clear faults
at bus B680.
The drastic drop in the fault current sensed by relay the backup relay could cause the relay
to fail to initiate tripping resulting relay blinding caused by the greater fault current contribution
by the DG.
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Figure 4.8 Fault current responses to 3 phase fault at bus B680 DG at 50% penetration
4.2.6 Scenario 1: L-G Faults
Scenario 1-1: L-G Fault at B646, DG at B611
The four scenarios created for the evaluation of power quality and protection issues caused
by the integration of DG resources were introduced in section 4.2 above. In this section, the
voltage, current and protective device response of a remote parallel bus to a line to ground fault is
presented. The DG resource was placed at bus B611 as shown in figure 4.2. The line to ground
fault was simulated at the remote bus B646. Table 4.5 below shows the responses before and after
the placement of the DG unit at 50% penetration level.

Table 4.5 Bus voltages response to fault current at B646
Base Case

50%DG Penetration

Bus

I (APU)

V (VPU)

I (APU)

V (VPU)

B646 (Faulted bus)

10

0

15

0

B611 (DG bus)

0

0.6

12.5

0.2

7.5

0.2

7.5

0.2

B650 (Utility bus)
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The analysis of information in table 4.5 confirm similar findings that the available fault current
at the faulted bus increases proportionally with the DG penetration level [21]. The fault current
contribution in the simulation is seen to increase from 10 APU to 15 APU at 50% DG penetration.
The 50% increase in the available fault current confirms the need to review the rated interrupting
current capability of all breakers installed in the DG current path to insure the safe and reliable
interruption of this high current to isolate the fault and maintain service continuity.

Figure 4.9 Base case faulted bus B646: L-G fault current and voltage response at B646, B632
(Utility Bus) and B611 (DG Bus), with and without DG; PD disabled.

The effects of circuit alteration by the placement of DG resources are also seen in the results
shown in figure 4.9. Te branch circuit configuration is completely changed by the continued power
supply during the fault event at bus B646. The pre-DG fault current at bus B611is 0 APU due to the
loss of power resulting from the voltage collapse during the fault event. After the placement of the
DG, the fault current is seen to rise from 0 APU to about 12.5 APU. The change in the fault current
contribution by the utility grid is seen to be minimal.
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Figure 4.11 Faulted bus B646, no DG at B611: Fault current and voltage response at B646, B632
(Utility Bus) and B611 (DG Bus) – Relay fault clearing time of ¼ cycle without DG.

Figure 4.12 Faulted bus B646, DG at B611: Fault current and voltage response at B646, B632
(Utility Bus) and B611 (DG Bus) – Relay fault clearing time of ¼ cycle with DG at 50%
contribution.
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The change in power flow due to the placement of the DG resource is also seen to affect the
fault clearing time of the protection relay as seen in figures 4.10 and 4.11. The pre-DG fault clearing
time at bus B646 increased from 0.01 seconds (0.5 cycles) to about 0.02 seconds (1.2 cycles).

Scenario 1-2: L-G Fault at B633, DG at B634
The bus parameters’ response to a series circuit fault current is shown in table 4.2 below. The
integration of DG on a downstream bus is seen to have little contribution to the available fault
current at the upstream bus. During a line to ground fault at bus B633, the fault current increased
from normal load current to about 7.5 APU. There seem to be no noticeable change in the fault
contribution at bus B633 after the placement of the DG at the downstream bus B634.

Table 4.6 Bus voltage and current response to fault current at B633
Base Case
Bus
B633 (Faulted Bus)
B634 (DG Bus)
B632 (UTILITY
Bus)

DG Installed

I (APU)

V (VPU)

I (APU)

V (VPU)

7.5

0

7.5

0

0

0

0

0

7.5

0.2

7.5

0.2
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Figure 4.5 Base case faulted bus B633: L-G fault current and voltage response at B633, B632
(Utility Bus) and B634 (DG Bus), with and without DG; PD Disabled.

Figure 4.14 Faulted bus B633, no DG at B634: Fault current and voltage response at B633, B632
(Utility Bus) and B634 (DG Bus) – Relay fault clearing time of ¼ cycle without DG.
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Figure 4.15 Faulted bus B633, DG at B634: Fault current and voltage response at B633, B632
(Utility Bus) and B634 (DG Bus) – Relay fault clearing time of ¼ cycle with DG at 50%
contribution.

The effect of the placement of DG resource on the protection relay is seen again in figure 4.13
and 4.14. The reverse power flow fed by the DG resource at bus B634 is seen to continue to feed
the fault even after the B633 bus main is tripped. This confirms the necessity to alter the protection
scheme to account for the bi-directionality of power flow in the series circuits of a distribution
system. The increased fault clearing time caused by the placement of the PD resource is seen to
affect the utility grid by the prolonged fault current draw as shown in the I (APU) trace of B632
(UG bus) in figure 4.14.

Scenario 1-3: L-G Fault at B611, DG at B611
The line to ground available fault and protection effects for a fault located on the DG bus was
modeled and simulated by the placement of a DG resource at bus B611 with a fault introduced at
the same location. Figure 4.15 below show the parameter responses to the fault with the DG placed
at bus B611. The observed fault current increase was more than 100%, from about 10 APU to about
22 APU. This high fault current was observed at several other buses with capacitors installed at the
buses or near. It is probable that during the fault event, the rapid collapse of the bus voltage below
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the charged capacitor voltage initiated the capacitor discharge resulting the observed high available
fault current and the large difference between the pre-DG and after the installation simulations.

Table 4.7 Bus voltage and current response to fault current at B611

Bus
B611 (Faulted Bus)
B611 (DG Bus)
B632 (UTILITY Bus)

Base Case
I (APU)
V (VPU)
10
0
10
0
8
0.4

DG Installed
I (APU)
V (VPU)
22
0
22
0
10
0.4

Figure 4.16 Base case faulted bus B611: L-G fault current and voltage response at B611, B632
(Utility Bus) and B611 (DG Bus), with and without DG; PD disabled.
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Figure 4.17 Faulted Bus b611, DG at B611: fault current and voltage response at B611, B632
(Utility Bus) and B611 (DG Bus) – Relay fault clearing time of ¼ cycle without DG

Figure 4.18 Faulted bus B611, DG at B611: Fault current and voltage response at B611, B632
(Utility Bus) and B611 (DG Bus) – Relay fault clearing time of ¼ cycle with DG at 50%
contribution.
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The placement of a DG resource on bus B611 is seen to have the opposite effect. The available
fault current in this scenario is seen to decrease but persist after the bus main intervention. The fault
continued to be fed from the DG resource. Here, again we see the need to review the protection
system to account for the lower fault current and the bus fault continuation due to the DG resource’s
power being available after the grid power is removed. The protective relay review must consider
the relays’ added function to detect and isolate both the utility source and DG sources during a fault
event at the DG bus.

4.2.7

Scenario 2: L-L Faults

Scenario 2-1: L-L Fault at B646, DG at B611
The analysis of trends in the simulation results for scenarios for the L-L, L-L-G and L-L-L
revealed identical findings during the L-G fault response analysis at all the buses. The identical
findings were:
1. The installation of a DG resource at a bus caused an increase in the available short circuit
current at the DG bus and the bused close to the DG resource location.
2. DG units integrated at high penetration cause an increase in the fault clearing time of
protective devices.
3. The increase in the fault clearing time can impact the relay coordination of the circuit.
4. The bidirectional flow of power in a DG resource in some circuit configurations may cause
relay blindness due to the divided fault current between the DG and utility grid.

Table 4.8 Bus voltage and current response to fault current at B611

Bus
B646 (Faulted Bus)
B611 (DG Bus)
B650 (UTILITY Bus)

Base Case
I (APU)
V (VPU)
8
0
0
0
10
0
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DG Installed
I (APU)
V (VPU)
22
0
4.2
0
12.5
0

Figure 4.19 Base case faulted Bus B646: L-L-G fault current and voltage response at B646, B632
(Utility Bus) and B611 (DG Bus), with and without DG; PD disabled.

Figure 4.20 Faulted bus B646, no DG at B611: Fault current and voltage response at B646, B632
(Utility Bus) and B611 (DG Bus) – Relay fault clearing time of ¼ cycle without DG.
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Figure 4.21 Faulted bus B646, DG at B611: Fault current and voltage response at B646, B632
(Utility Bus) and B611 (DG Bus) – Relay fault clearing time of ¼ cycle with DG at 50%
contribution.
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Chapter Five
Proposed Symmetrical Components based Fault Detection and Clearing Model

5.1 Fault Identification and Circuit Isolation
As earlier discussed, it is necessary to alter the traditional radial power system protection
algorithm to include more conditions to be evaluated due to the existing condition of multiple
potential contributions to a fault location. The radial distribution system protection is easily
achievable by monitoring voltage thresholds and fault current magnitudes due to the single
contribution from the utility grid and unidirectional power flow. This approach has proved
inadequate networks containing DG sources due to bidirectional power flows. Simulation
results shown in the previous chapter reveal that improved protection system can be achieved
using symmetrical components to accurately identify a fault, fault nature, fault location and
isolate the faulted circuit.
The relay logic proposed in this study is shown in figure 5.1. It incorporates the circuit
sensing for fault current identification using the sequence components; the positive sequence,
negative sequence and zero sequence to identify the fault nature, location and fault isolation.
The sequence analyzer has been used to transform the phasor line current into its sequence
components which are analyzed for fault identification. Each sequence magnitude is fed to an
individual comparator where a continuous comparison is made with a set threshold value to
determine the occurrence and nature of a fault by implication. The time delay block has been
used for selective coordination.
Simulation results of the proposed relay model using the symmetrical components
approach has proven to be more effective in mitigating the inherent relay misoperation that
include; relay miscoordination, misoperation and relay blinding in DG integrated distribution
systems.
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Figure 5.1 Implemented fault sensing and relay trip logic
The proposed sequence based bidirectional relay is shown in the in figure 5.1 above. The relay
block receives the 3-phase current and voltage samples via the simulink data capture blocks;
Iabc_B633 and Vabc_B633. The 3-phase unbalanced or balanced current signals are fed into the
sequence analyzer block. The sequence analyzer computes and outputs three sets of balanced 3phase phasors; positive sequence (I1), negative sequence (I2) and zero sequence (I0) components.
Each set of sequence components is fed into a separate logical comparator block which measures
and compares the sequence component value at its input 2 with a preset threshold value. If the value
of the signal at input 2 satisfies the criterion, the comparator switch will pass through input 1 to the
output, otherwise it will pass through input three. The threshold magnitudes were determined after
a load flow study of the 13-Bus model. The outputs of the logical comparators are connected in
series and programmed such that any one or more comparators can send trip signal(s) based on their
logic. The trip command is passed through a time delay which is used for coordination with other
relays or creates a delay for transient fault ride through. This relay design is robust and immune to
the relay errors introduced due the DG resource integration. This is because irrespective of the
magnitude of the fault current or its variations, direction of power flow, the sequence components
of the currents
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and voltages during a fault event will remain identical. The voltage signal in input Vabc_B633 is
used to latch the relay to prevent relay hunting. The relay algorithm is shown in figure 5.2 below.

Figure 5.2 Data processing workflow of the proposed relay Logic

The data processing of the relay logic starts from the data sampling block which reads the line
current through current transformers and feeds the signal to the data processing block. The 3phase current signal is transformed into three sets of balanced phasors I1, I2 and I0 representing the
positive, negative and zero sequence components respectively. Based on the load flow results,
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threshold values are set in the decision block which are fed from the outputs of the data processing
blocks. The decision blocks make the comparison to determine if the threshold has been reached.
A trip signal is issued to the “OR” block which outputs a trip command as well as a trigger for the
sorting block to make the determination of the type of fault by comparing a sample of the decision
block output signals with the preloaded table shown in table 5.1 to make the determination of the
type of fault. Table 5.1 was generated following the analysis of the simulation results which is
consistent with the theory of symmetrical components;
1. During a 3-phase bolted fault (balanced fault) in a balanced three phase system, there are
no negative or zero sequence components.
2. During a 3-phase to ground fault (balanced fault) in a balanced three phase system, there
are no negative.
3.

During a L-G or L-L-G fault (unbalanced fault) in a balanced three phase system, both
negative and zero sequence components are present.

4. During a L-L fault (unbalanced fault) in a balanced three phase system, there is no zero
sequence component, only the negative sequence component.
5. The positive sequence component is always present during any type of fault.
6. In the table below 0 represents sequence component value below threshold, T represents
threshold value reached.

Table 5.1 Sequence components states during different types of faults

Fault Type
Phasor

No Fault

LLL Fault

LLLG Fault

LG OR LLG Fault

LL Fault

10
11
12

0
T
NA

0
T
0

T
T
0

T
T
T

0
T
T
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Figure 5.3 Sequence components fault analysis at B633

5.2 Characteristic Response of Sequence Components to Fault Currents
Figure 5.3 below shows the simulation results at Bus 633 under no fault conditions. It can be
seen that the only existing sequence component during the no fault condition is the positive sequence
which is also observed to be present under all conditions.
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Figure 5.4 Sequence components profile under no fault analysis at B633

Figure 5.5 Sequence components response to three phase bolted fault
In figure 5.4 above, results of the sequence components response to a three-phase bolted fault
current are shown. The positive sequence is seen to be highest, followed by a minimal transient
magnitude of the negative sequence current. No zero-sequence current is present. This is
consistent with the analysis presented in chapter three because three phase bolted faults are
symmetrical giving rise to the geometric summation of faults in a three-phase fault to be zero.
This result in a zero-ground current and the subsequent absence of the zero sequence components
as confirmed by the absence of the zero-component output trigger in figure 5.5 below.
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Figure 5.6 Sequence components trip triggers to 3 phase bolted fault

The protection logic output shown in figure 5.5 above is seen to respond by the transition in the
positive sequence and the transient behavior of the negative sequence component. The zerosequence signal is seen to show no transition. This is because of the absence of the zero sequence
components during non-ground faults.

Figure 5.7 Sequence components profile under L-L fault analysis at B633
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The sequence components profile of a line to line fault is shown in figure 5.7. It can be seen
here that both positive and negative sequences are present in significant amounts. No zero sequence
currents are observed. The proposed symmetrical components based protection logic response is
shown in figure 5.8 below. It can be seen that the sudden increase, beyond the threshold settings, of
both the positive and negative components in the logic have simultaneously resulted in the transition
in both components logic response. The absence of the ground fault path is seen by the lack of
transition in the zero-component logic response as explained above.

Figure 5.8 Proposed protection system logic response to L-L fault

Figure 5.9 Sequence components profile under L-L-G fault analysis at B633
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The figure above shows the sequence components response to a L-L-G fault at bus B633. The
increase in all three components is in response to the detection of all the three system defects:
System line current magnitude beyond thresh hold, the system imbalance due the line fault currents
imbalance and the non-zero geometric sum of the fault currents resulting in the increase in the zerosequence component.

Figure 5.10 Sequence components profile under L-G fault analysis at B633

The single line to ground fault simulation shown in figure 5.9 above indicates approximately
equal magnitudes of the sequence currents. These are typical characteristics exhibited by the
sequence components which is caused by the system imbalance, the ground fault path and increased
line current during a ground fault incidence. The protection system logic response shown in figure
5.10 indicates identical behavior during a L-G and L-L-G faults.
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Figure 5.11 Proposed protection system logic response to L-G fault

5.2.1

Location Response of Sequence Components to Fault Current
In figures 5.11 and 5.12 below, the difference in the peculiar and consistent response of the

positive sequence component of the fault current for two different fault locations is shown. Figure
5.12 displays a positive response of all the sequence components to a simulated line to ground
fault on the load side of the bus. During a simulated fault located on the line side of the protective
device, only the positive sequence component is seen to have a negative response with respect to
the fault located on the line side of the protective device as shown in figure 5.13.
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Figure 5.12 Proposed sequence component based fault current type and location detection System

Figure 5.13 Sequence components profile under down-stream L-G fault
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Figure 5.14 Sequence components profile under up-stream L-G fault

Similar responses were observed in simulation results as shown in figures 5.14 and 5.15. The
positive sequence component is seen to positively increase in response to the load side line to line
fault in figure 5.14. The results for the line side, line to line fault response is observed to be
consistently opposite to that observed in the load side positive sequence behavior.

Figure 5.15 Sequence components profile under down-stream L-L fault
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Figure 5.16 Sequence components profile under up-stream L-L fault
The positive sequence component behavior prediction is confirmed; in the simulation results of
the three phase bolted faults located both on the load side and line side of the protective dive, in
figures 5.16 and 5.17 below. The load side fault response shows the positive rise in the positive
sequence component, similar to results obtained in the line to ground and line to line fault
simulations previously shown above.

Figure 5.17 Sequence components profile under down-stream L-L-L fault
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Figure 5.18 Sequence components profile under up-stream L-L-L fault

5.2.2

Summary of Fault Identification analysis
The observations of the simulation results of the sequence current contents during the

different fault conditions can be summarized as follows:
•

During a three-phase bolted fault condition, only the positive sequence current magnitude is
observed to be of significance. The negative and zero sequence components are negligible.

•

The negative sequence current component is always associated with system imbalances
resulting from faults such as L-L, L-G and L-L-G.

•

The zero sequence currents are only present during a system ground fault such as L-G and
L-L-G faults.

•

The positive sequence component is observed to increase in magnitude; positive rate of
change, during faults located on the load side of the relay.

•

The positive sequence component is observed to decrease in magnitude; negative rate of
change, during faults located on the line side of the relay.

•

The negative and zero sequence components exhibit the same response to faults located both
on the load and line sides of the protective relay.
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5.3 Conclusion
This thesis work is a continuation of the ongoing research to further the understanding of all
possible issues related to the grid integration of distributed generation resources especially at high
penetration levels. The work covers an overview of attributive trends that contribute to increased
penetration of grid integrated DG resources. A detailed simulation and analysis of the
bidirectionality of power flow in the grid integrated DG resource system was presented using the
IEEE 13 Bus test system modeled in the simscape power systems software. Simulation results
confirmed the already known issues; relay mis-coordination, relay blinding, relay false tripping
and voltage swell, all associated with the bidirectionality of power flow in a DG resource integrated
system. The research work identified an old but potent theory of symmetrical components used in
the study of unbalanced power systems to identify and isolate faults. This method proved more
effective than conventional fault current sensing because they depend on magnitude and are
inherently unidirectional. The proposed and tested method of symmetrical components Is immune
to the direction of fault current flow and is self-backed up by the inherent presence of several
sensors at the same time. The use of this method requires only time delay settings for the
coordination with upstream and downstream relays.

5.4 Future Work
The attractive aspect of wide area network potential of the tested fault identification and
circuit isolation method was not implemented in this study due to software size limitations. This
method can identify the existence, nature and location (upstream or downstream) of a fault event.
With sufficient memory, a display may also be configured to indicate the type of fault after the
faulted section of the circuit is isolated.
The fault location feature will particularly be useful for the selective coordination of the
system since relays downstream are programmed to be more sensitive and those upstream to be
less sensitive to achieve the coordination and selectivity.
The proposed fault identification did not account for high impedance faults which are often
caused by fallen conductors with contact to conductive grounds, tree branches contacting
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distribution lines etc. Often, it is more desirable to identify rather than trip the circuit due to high
impedance faults.
The symmetrical components method was observed to be too sensitive to faults resulting
from system imbalances which include high impedance fault events. The proposed method’s
reliability can be improved by the design and addition of discrimination circuits that may only
identify low impedance fault events and prevent spurious and nuisance trips.
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